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and ulcerative colitis (15) . These diseases are potential risk for CDI. A recent paper has shown 60 that glucocorticoid immunosuppressant therapy increases the risk of mortality in patients with CDI (15) . This suggests that steroid hormones can also affect CDI establishment and/or virulence.
C. sordellii and C. difficile, like other Clostridium and Bacillus species, differentiate into metabolically inactive spores that can survive harsh environmental conditions (16, 37). The 65 spores can revert to toxin-producing bacteria (a process called germination), typically in nutrient rich-environments (34, 48) . Detection of nutrients is normally required for germination and is typically accomplished by the Ger receptor family proteins (43). Although Ger receptors are encoded by most Bacillus and Clostridium species, there is no information regarding the presence of Ger receptors in C. sordellii. However, we have shown that C. sordellii spores 70 specifically recognize L-alanine, L-phenylalanine, L-arginine and bicarbonate as germinants (38) , suggesting the involvement of germination receptors. Interestingly, C. difficile does not encode Ger receptors, but must be able to detect metabolites for spores to enter germination and return to vegetative life (47) . Indeed, recent work has shown that C. difficile spores recognize taurocholate (a bile salt) and glycine (an amino acid) as germinants (53) . Furthermore, 75 chenodeoxycholate was shown to be a naturally occurring inhibitor of C. difficile spore germination (54) . Work from our laboratory has shown cooperative binding of both taurocholate and glycine, suggesting the presence of unidentified receptors for both germinants (39) .
Bile salts and steroid hormones are mammalian metabolites biosynthesized from cholesterol (32, 44) . Bile salts are produced in the liver and function to solubilize lipids in the 80 gastrointestinal tract (44) . Steroid hormones, on the other hand, are produced by different tissues and affect numerous cellular processes (32) . Synthetic steroidal hormones are used in on September 13, 2017 by guest http://jb.asm.org/ Downloaded from 5 reproductive medicine, to control endometrial irregularities, and to treat different types of cancer (6, 13, 25, 56) .
Interestingly, although bile salts and steroid hormones are not part of the normal 85 metabolome of prokaryotes, a number of bacterial species produce enzymes that modify steroidal-type molecules (22, 52) . Specifically, bacterial transformation of steroidal hormones has been reported in a wide range of bacteria including Clostridium (7, 28). Normal gut bacteria also metabolize bile salts (40, 49) , a process that has been implicated in the control of C. difficile infections (21) . Furthermore, changes in progesterone and glucocorticoid levels have been Notably, progesterone, mifepristone, bile salts, and corticosteroids (which have also been associated with CDI (15)) share a common four-ring sterane skeleton. Thus, we investigated the 95 effect of select steroidal hormones and bile salts on C. sordellii and C. difficile spore germination. Our results show that sterane analogs increase C. sordellii spore germination rates.
In contrast, a sub-set of steroid hormones acted as competitive inhibitors of C. difficile spore germination. Our results suggest that steroidal hormones may play an important role in the pathogenesis of toxigenic clostridial infections. 
MATERIALS AND METHODS:
Materials and chemicals: HistoDenz, bile salts, prostaglandin and steroid hormone analogs ( Fig. 1) were purchased from Sigma-Aldrich Corporation (St. Louis, MO).
Bacterial strains and spore preparations: C. sordellii ATCC 9714 and C. difficile strain 630 were obtained from the American Type Culture Collection (ATCC, Manassas, VA). C.
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sordellii was plated in brain heart infusion (BHI) agar. C. difficile was plated in BHI agar supplemented with 1% yeast extract, 0.1% L-cysteine, and 0.05% sodium taurocholate.
Individual C. sordellii and C. difficile colonies were grown in BHI broth and replated in 15 to 20
plates to obtain bacterial lawns. Plates were incubated for 5 days (for C. sordellii) or 7 days (for C. difficile) at 37 °C in an anaerobic environment (5% CO 2 , 10% H 2 , 85% N 2 ). Bacterial lawns 110 were collected by flooding with ice-cold deionized water. Spores were pelleted by centrifugation and resuspended in fresh deionized water. After two washing steps, spores were separated from vegetative and partially sporulated cells by centrifugation through a 20%-50% HistoDenz gradient. Spore pellets were washed five times with water, resuspended with 0.1% sodium thioglycollate and stored at 4 °C for no more than 14 days. Spore preparations were more than 115 95% pure as determined by microscopy observation of Schaeffer-Fulton stained aliquots (35) .
Enhancement and inhibition of C. sordellii and C. difficile spore germination: Changes in light diffraction during spore germination (OD 580 ) were monitored using a Tecan Infinite M200 96-well plate reader set at 580 nm (Tecan group, Männedorf, Switzerland). C. difficile and C. sordellii spores were heated-activated at 65 °C for 30 minutes. After heat activation, spores 120 were resuspended in germination buffer specific for each bacterium at an OD 580 of 1. C. difficile was germinated in 100 mM sodium phosphate buffer pH 6.0 supplemented with 0.5% NaHCO 3 .
C. sordellii was germinated in a buffer solution made with 6.6 mM KH 2 Germination was confirmed in selected samples by microscopy observation of Schaeffer-Fulton stained aliquots (35) . For prostaglandin assays, germination rates were set to 100% for C. difficile spores germinated with 6 mM taurocholate and 12 mM glycine and for C. sordellii Kinetic analysis of progesterone inhibition C. difficile spore germination: After heat activation, C. difficile spore aliquots were resuspended in 100 mM sodium phosphate buffer pH 
RESULTS
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In this work, we tested the effect of prostaglandin and steroid hormone analogs on C.
sordellii spore germination. To determine species specificity, prostaglandin and steroid hormone analogs were also tested in C. difficile spore germination assays. Prostaglandin analogs only weakly inhibited C. sordellii spore germination at supraphysiological concentrations of 0.5 mM ( Fig. 2A) . Similarly, prostaglandin analogs did not significantly affect C. difficile spore 
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Progesterone is a naturally-occurring steroid that is produced in large quantities during pregnancy (58) . Progesterone titration increases C. sordellii spore germination rates at suboptimal germinant concentration (Fig. 3A) . Indeed, progesterone can increase C. sordellii spore germination to its maximal rate. The EC 50 for progesterone germination enhancement was 27.7 µM ( Mifepristone is a synthetic steroid that acts as a progesterone and glucocorticoid antagonist (25) . Medroxyprogesterone, on the other hand, is a synthetic progestin that functions as a progesterone agonist (6) . Similar to progesterone, mifepristone also enhanced C. sordellii spore germination with an EC 50 of 6.3 µM and inhibited C. difficile spore germination with an IC 50 of 18.2 µM (Table 1 ). In contrast, medroxyprogesterone is also a strong enhancer of C.
sordellii spore germination (EC 50 of 22.1 µM), but does not affect C. difficile spore germination (Table 1) .
Cholesterol is the precursor of both steroid hormones and bile salts (32, 44) . Cholesterol Prednisone is an artificial corticosteroid that is converted into prednisolone in the liver Dehydroepiandrosterone (DHEA) is biosynthesized from pregnenolone in two steps (32) .
DHEA has no effect on C. sordellii spore germination. compounds activated C. sordellii spore germination, but had no effect on C. difficile spore germination (e.g., cortisone). Yet other compounds did not affect C. sordellii spore germination, but inhibited C. difficile spore germination (e.g., DHEA). Furthermore, it seems that C. sordellii spores are able to recognize taurocholate 1000-fold better than C. difficile spores. This is consistent with the presence of related receptors in both species that have evolved to recognize 285 different functional groups in the sterane ring structure.
Sterane compounds are not germinants of C. sordellii spores per se, but act as germination enhancers. Remarkably, the sterane concentrations required for the enhancement effect are 2 to 3 orders of magnitude lower than those of the natural germinants L-alanine, Larginine, and bicarbonate (38) . Thus, steranes are probably bound tightly and are able to prime Inhibition analysis suggests that steroid hormones bind to the same receptors that 330 recognize taurocholate in C. difficile spores. However, it seems that bile salts and steroid hormone recognition by C. difficile spores follow distinct rules, even though both groups of sterane compounds compete with taurocholate for spore binding. Whether these differences are due to binding to different taurocholate receptors or differential recognition by the same receptor has not been elucidated.
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Since C. sordellii spores are also activated by taurocholate, we expect that C. sordellii will contain a homolog taurocholate-type receptor. Obviously, the putative receptors in both species recognize sterane compounds differently. This is characteristic of orthologic binding sites that have evolved to respond differently to their cognate ligands. Unfortunately, even though putative receptors must be present in both C. sordellii and C. difficile spores to recognize sterane 340 compounds, the identity of these receptors has not been determined. This precludes a more detailed mechanistic analysis of the effect of steroidal hormones on clostridia spore germination.
We have recently speculated that the presence of increased amino acid levels during pregnancy together with high vaginal pH may provide the signaling for C. sordellii spore germination and infection establishment (38) . The concentration of progesterone in placenta can mM L-arginine, 1 mM L-phenylalanine, and 50 mM NaHCO 3 ). This combination of germinant concentrations yielded a germination rate of 11.6 (3.4) % compared with the rate obtained with optimal concentrations of ARF* (25 mM L-alanine, 10 mM L-arginine, 5 mM L-phenylalanine, and 50 mM NaHCO 3 ).
